We investigate the nonlocal Hanle effect in high mobility two-dimensional electron systems using (Ga,Mn)As/GaAs spin Esaki diodes as spin selective contacts. Spin signals in these systems can be strongly affected by dynamic nuclear polarization, which mimics long spin-relaxation times extracted from the measured Hanle curves. Here, we introduce a method which largely suppresses these effects by using an ac injection-detection setup. This allows us to extract from the measurements realistic spin lifetimes on the order of single nanoseconds. As the detection of Hanle signals is also strongly affected by offset signals we discuss the magnetic field dependence of these background voltages observed in lateral nonlocal spin injection devices. We show how the strength of the background magnetoresistance can be minimized by choosing a proper device geometry.
I. INTRODUCTION
Electrical spin injection into a two-dimensional electron system (2DES) confined in a semiconductor structure is a prerequisite for the realization of spin injection devices with many new functionalities [1] , with the Datta-Das spin field effect transistor [2] being a primary example. Whereas spin injection into bulk semiconductors has been realized in many systems [3] [4] [5] [6] [7] [8] , there are few reports of successful experiments in 2D systems [9] , particularly in those with high mobility carriers. [10, 11] Therefore, many spin properties of semiconductor 2DESs have been investigated so far using optical methods, taking advantage of optical orientation in such systems [12] [13] [14] . Recent successful experiments demonstrating spin injection in 2DESs in InGaAs quantum wells and at a GaAs/(Al,Ga)As interface [9, 11] open up novel ways to study these phenomena in a lateral geometry, typical for potential devices. One of the most important spin parameters of the transport channel is the spin-relaxation time τ s , which determines how far and how efficiently spin information can be transported along the channel. Spin dynamics is typically studied using the Hanle effect, i.e., precession of spins in a magnetic field transversal to the initial spin direction [15] . It was discussed before that Hanle experiments on 2D systems can be problematic [16] . As τ s is usually of the order of picoseconds in high mobility 2DESs [1] , a relatively large magnetic field B is required to induce spin precession. In materials with large spin-orbit coupling, preferable for spin manipulation, this field is even larger because of the spin-orbit effective magnetic field. This is not particularly desirable, as a large B can affect the magnetization of the spin-aligning contacts, thus distorting Hanle measurements. Recently, we briefly discussed Hanle curves measured in a 2D channel by means of a fully electrical setup, which were found to be strongly bias dependent [11] . What is more, from the measurements we extracted a spin-relaxation time of τ s = 5 ns, larger than expected from a pure Dyakonov-Perel spin-relaxation mechanism [1, 17, 18] , dominating in semiconductor 2DESs. We linked such a behavior to dynamic nuclear polarization * Corresponding author: mariusz.ciorga@ur.de (DNP) effects, often visible in spin injection experiments in GaAs-based systems, which can strongly affect the Hanle signal, leading to wrong values for the extracted parameters. In another work, however, using optical methods and making sure to avoid DNP effects, we also measured spin-relaxation times on the order of 1 ns [19] . It is then clear that it is very desirable to optimize Hanle experiments in order to be able to extract spin injection parameters with large reliability.
Here, we discuss electrical Hanle measurements on a series of 2DES samples, focusing on two issues: (i) the narrowing of Hanle curves as a result of DNP effects and (ii) the large magnetic field dependence of the nonlocal background voltage, that typically obscures the Hanle spin signal. We show that problem (i) can be solved by using a low excitation ac technique, that suppresses buildup of a nuclear magnetic field. The problem (ii) can be overcome by choosing a large aspect ratio L/w, with L the injector-detector separation and w the width of the channel. Avoiding both DNP and large background signals allows us to derive reliable spin-relaxation times τ s for 2DESs from our all-electrical measurements. We have obtained τ s values between 0.8 and 2.5 ns, with the larger spin-relaxation times measured for the narrower channels.
II. EXPERIMENTAL TECHNIQUES

A. Sample layout
The investigated samples were grown by molecular beam epitaxy on a semi-insulating GaAs-(001) substrate. A sketch of the wafer layout is shown in Fig. 1(b) . The two-dimensional electron system is confined at the (Al,Ga)As (thickness t = 125 nm)/GaAs (t = 50 nm) interface and charge carriers are provided by a Si-δ doping layer in the (Al,Ga)As region. A moderately n-doped layer of GaAs (n = 6 × 10 16 cm −3 ,t = 100 nm) is grown on top of these layers. The top layers, consisting of an n-GaAs → n + -GaAs transition layer (t = 15 nm, n + = 5 × 10 18 cm −3 ), a highly n + -doped GaAs layer (t = 8 nm, n + > 10 19 cm −3 ), and 50-nm ferromagnetic (Ga,Mn)As (p ++ ≈ 10 20 cm −3 ), form a highly asymmetric p-n junction which works as a spin Esaki diode [5, [20] [21] [22] . Apart from the degenerately doped p-type (Ga,Mn)As layer with a Mn concentration of typically 5.6% and a Curie temperature of 55 K, the Esaki diode consists of a highly Si doped n + layer. Doping levels of more than 1 × 10 19 cm −3 we achieve by the so-called pseudo-δ doping, meaning that the growth process of the 8-nm-thick n + -GaAs layer using continuous Si flux is stopped every 1.6 nm for 10 s, to accumulate Si dopants. The high n + doping makes the p-n junction more symmetric and thus lowers its resistance.
Spin injection from (Ga,Mn)As/GaAs spin Esaki diodes can be very efficient, with spin polarization of the injected current P inj reaching ≈80% [5, 23] . In these structures, spin accumulation in the n region is generated via tunneling of spin-polarized electrons between the (Ga,Mn)As valence band and the n-GaAs conduction band. When the junction is reverse biased (I < 0), electrons tunnel into GaAs and spin injection occurs. Forward biased (I > 0) electrons tunnel in the opposite direction, generating a spin accumulation with opposite orientation due to spin extraction. Tunneling is suppressed at a certain positive voltage, when the conductionband edge on the n side is aligned with the valence-band edge on the p side. Negative differential resistance is observed as a characteristic dip in the I-V curve of a spin Esaki diode at this voltage, which can be seen in Fig. 1(c) for one of the samples discussed in this paper.
The lateral two-dimensional spin transport channel is formed as a Hall bar, fabricated using standard photolithography techniques and wet-chemical or dry reactive ion etching. We fabricated devices with different channel widths w y , ranging from 2.5 to 10 μm, with usually four narrow Au/Ti/(Ga,Mn)As contacts on top (w x = 500 nm-2 μm) patterned by electron-beam lithography and wet chemical etching. Additionally, several large Au/Ti/(Ga,Mn)As contacts (A = 100 × 100μm
2 ) are evaporated far away from the spin injection contacts. These large contacts serve as reference electrodes in nonlocal spin injection experiments or as current or voltage leads in magnetotransport measurements. In the final step the highly doped top layers between the injector/detector contacts are partially etched away (d etch = 56 ± 4 nm) to deplete the mildly doped n-type GaAs layers and to confine (spin) transport exclusively to the 2DES. For etching we used either highly diluted phosphoric acid or acetic acid. A sketch of the sample layout for nonlocal spin injection measurements is shown in Fig. 1(a) . All measurements were performed at T = 1.4 K.
In order to avoid an additional energy barrier between (Ga,Mn)As and the 2DES we use an inverted structure, i.e., with GaAs grown on top of (Al,Ga)As, instead of the standard (Al,Ga)As/GaAs interface. It is known that such inverted 2DES structures are often devoid of charge carriers at liquid He temperatures. In order to repopulate the 2DES with electrons we illuminate our samples with a low intensity infrared light emitting diode. This process utilizes the persistent photoconductivity effect in (Al,Ga)As, creating free charge carriers, which occupy the empty states in the 2DES [24] . As this illumination process has to be optimized for each device by varying illumination time and strength, the 2DES parameters such as charge-carrier density and sheet resistance can differ from sample to sample. All our samples show, however, clear two-dimensional transport characteristics with high mobilities (μ e = 250 000-500 000 cm 2 V s ), similar to the one shown in Fig. 1(d) .
B. Spin valve effect
The typical nonlocal spin valve (NLSV) geometry used to probe electrical spin injection is shown in Fig. 1(a) . One of the narrow ferromagnetic contacts is used as injector, i.e., a current is driven between this contact and the closest reference contact. The spin accumulation generated underneath the injector diffuses along the channel. All the other ferromagnetic contacts are then used to measure the nonlocal voltage resulting from Silsbee-Johnson spin-charge coupling [25] with respect to the other reference contact. In the tunneling regime this spin-related voltage can be written as [26] [27] [28] 
where P inj(det) is the injection (detection) efficiency, λ sf is the spin diffusion length, and R s is the sheet resistance of the channel. P inj is defined as the polarization of the injected current and given by
, where ↑ and ↓ label the two different spin species. The sign of P inj(det) is controlled by the magnetization orientation of the corresponding contacts. P inj P det > 0 holds for parallel (P) orientation of magnetization in the injector and detector contacts and P inj P det < 0 for antiparallel (AP) alignment.
In a typical NLSV experiment we sweep the magnetic field B y along the contact between ±0.5 T, magnetic field values large enough to orient the magnetization along the B direction. When the magnetization direction of injector and detector switches from parallel to antiparallel or vice versa (requiring different switching fields for injector and detector) the nonlocal voltage changes by Fig. 2 ). From the L dependence of the signal one can extract important spin-related parameters, like spin-flip length λ sf and spin injection efficiency P inj . In the samples presented below λ sf is typically between 2 and 12 μm. At low bias we obtain for our devices P inj = 75 ± 10%, being in a good agreement with previous reports using similar spin Esaki diodes [5, 11, 23] .
Ideally, no charge current flows between injector and detector and the measured nonlocal voltage stems solely from spin accumulation, i.e., V NL = V s NL . In our measurements, however, similarly as in many other nonlocal experiments [28] [29] [30] [31] and particularly for semiconducting channels [3, 5, 23, 32] One is related to the electric field spreading around the injector contact, resulting from an inhomogeneous current distribution along the y direction [33] . The other contribution is caused by thermoelectrical effects at the contacts [34, 35] . In general, V base NL can be very large [3] , but in our experiments it is typically on the order of the spin signal V 
C. Hanle effect
The Hanle effect, i.e., precession and dephasing of a spin ensemble in a transverse magnetic field B [15] , is another very important way of probing injected spins [25, 36] . Hanle measurements constitute a direct way of extracting the spinrelaxation time τ s from the shape of the experimental traces. In the simplest case, ignoring drift and diffusion, the line shape is given by a Lorentzian ,37] , where S(0) is the injected spin density at zero magnetic field and ω L (B) = gμ 0 B/h is the Larmor frequency of spin precession. In this case τ s =h/gμ 0 B 1/2 , where B 1/2 is the B value corresponding to the half width at full maximum of the experimental curve. In the presence of drift or diffusion a more complex fitting procedure is required to obtain τ s [see Eq. (2)] [26] , but the reciprocal relation between τ s and the width of the curve still holds. It is worth noting that τ s can also be estimated from the NLSV signal using λ s = √ D s τ s , but usually one does not know the value of the spindiffusion constant D s , which in general is different from the charge diffusion constant D e , extracted from magnetotransport experiments [38] . This is particularly true for high mobility 2D systems, where electron-electron interaction has to be taken into account [39, 40] . Thus Hanle measurements are of utmost importance to get information on spin relaxation.
In our lateral device the injected spins are collinear with the magnetization of the contact, i.e., they are lying in the xy plane of the sample. An applied out-of-plane field B z induces spin precession around the external field with Larmor frequency ω L . As the detector is only sensitive to spins collinear with its Next, we describe the procedure used to measure Hanle traces. To saturate the magnetization of all contacts and to orient the injected spins along the y direction a magnetic field B y = ±0.5 T is applied. For measurements in P magnetization configuration of injector and detector, B y is then swept to zero. The AP configuration is established by sweeping B y through zero till the magnetization of one of the contacts (typically the injector) is reversed; then B y is also swept back to zero. Once the desired (P or AP) state has been prepared, the sample is rotated out of plane by 90
• and the field is swept in z direction up to B z = 0.5 T, while measuring the nonlocal voltage. Then the sample is rotated back to the original in-plane position and the procedure is repeated, but sweeping B z in opposite direction, i.e., down to B z = −0.5 T . We avoid sweeping B z through zero because of the strong effects related to DNP [41] [42] [43] [44] induced by injected electron spins. For the same reason we also wait approximately 10 min after sweeping B y to zero and before sweeping B z , allowing the resulting nuclear field to relax [44] .
To analyze the experimental data we employ a model developed in Ref. [26] . Following that model for collinear magnetization configuration of injector and detector and for the detector placed at position x, the nonlocal voltage V (B z ), is, for the pure diffusive case (absence of drift), given by
Here, V 0 is the nonlocal voltage at the point of injection, x = 0. The parameters α 1 and α 2 are given by
. To take the finite dimensions of the contacts into account, Eq. (2) has to be integrated along x over the width of injector and detector contacts. Such a formula is used to fit the experimental data and extract τ s .
III. RESULTS AND DISCUSSION
A. dc measurements
Measurements of spin injection are usually conducted using a dc configuration with a constant current applied between an injector and a reference contact while the nonlocal voltage is measured between a detector and the second reference contact. Applying a dc current allows us to study the difference between injection and extraction of spins, as well as to study the influence of bias on spin injection parameters or spin dynamics. As we discuss in this section, dc measurements are prone to accumulation of nuclear spins which affect the analysis of spin relaxation. In Fig. 2 we show typical NLSV and Hanle measurements for different values of the constant injection current. We show both the case of injection (I < 0) and the case of extraction (I > 0). As the injection process in spin Esaki diodes highly depends on the applied bias voltage [5, 45] , the results for both the low bias as well as the high bias regime are shown in Fig. 2(a) and Figs. 2(b) and 2(c), respectively. In Fig. 2(d) we plot the dependence of the NLSV signal amplitude V NL on the injection current I . In agreement with Eq. (1), V NL (I ) grows linearly with I for low currents, but becomes nonlinear at larger currents due to the dependence of P inj on bias [5, 45] . As expected, V NL changes its sign on reversing the sign of the injected current. The background voltage V base NL , also plotted in Fig. 2(d) , is also proportional to the injection current, but it does not change sign with I . For low current values the background signal is nearly symmetric with respect to current polarity. The small asymmetry observed for larger currents could be related to the nonlinearity of the I-V curve of the single junction [see Fig. 1(c) ].
For out-of-plane measurements, V base NL shows a strong Bfield dependence, which deforms Hanle curves, especially at low B. The field dependence of the background can be usually well approximated by a quadratic function, as observed before for bulk devices [3, 5] . To extract spin parameters, as the spinrelaxation time, one can thus not simply use the raw data for fitting Eq. (2) to the experimental data. Instead, it is necessary to remove the background before fitting. One way of doing this is to simply fit the background with a function ∝ B 2 and subtract it from both AP and P Hanle curves. The other way is to treat the background as spin independent and the same for P and AP configurations. Then the spin-independent background can be removed by subtracting both curves i.e., calculating Comparing curves measured at high and low bias reveals another characteristic feature of dc measurements, i.e., narrowing of the Hanle curves with increasing current bias. As the width of the curves is inversely proportional to τ s , the spin-relaxation time seems to depend on the applied bias. Fits to the Hanle traces in Figs. 2(e) and 2(f) give τ s ≈ 1 ns for I = −1 μA and τ s ≈ 100 ns for I = −70 μA, respectively. Furthermore, the fits are not perfect. For I = −1 μA, in particular, the experimental curve is, in contrast to the fit, asymmetric and displays a narrow peak close to zero field. The value of 100 ns measured for I = −70 μA is much too large for a 2DES system [13, 14, 46] . We link the narrowing of the Hanle curves to dynamic nuclear polarization, discussed below.
B. Influence of DNP effects
Spin injection experiments on GaAs-based bulk devices are strongly affected by DNP effects [41, 42, 44, 47] . These effects originate from polarization of nuclear spins by the injected electron spins via hyperfine interaction, thus resulting in an effective nuclear magnetic field B N (Overhauser field), which adds to the externally applied field B ext . This nuclear field contributes to the total field experienced by the electrons' spin, which is given by B tot = B ext + B N . The nuclear magnetic field produced by flip-flop processes is, in the steady state and for small S (neglecting Knight shift and dipole-dipole interactions between nuclear spins), given by [48] 
Here, b n is the maximum possible nuclear field forming when all nuclei are uniformly polarized (for GaAs b n = −17 T) and f 1 is the leakage factor, describing nuclear spin relaxation through other mechanisms than hyperfine flip-flop processes. S stands for the mean electronic spin, generated in our experiment by spin injection, equal to 1/2 for a spin-density polarization P n = 100%. From Eq. (3) it follows that B N is always collinear with B ext , but its absolute value does not depend on the magnitude of B ext but only on the projection of S on B ext . Small in-plane components of B ext are therefore sufficient to induce a large B N . These can be stray fields from ferromagnetic contacts or fields resulting from small misalignments of the sample in the out-of-plane field. Therefore, in standard spin injection experiments nuclear effects are particularly visible at low applied fields, when B N > B ext . In standard NLSV experiments DNP manifests itself as a depolarization peak observed when the external B in-plane is close to zero [3, 5, 41, 44] . Hanle curves, on the other hand, can be narrowed by the nuclear field [43] , thus altering extraction of spin parameters.
According to Eq. (3), B N is directly proportional to the average spin in the channel S, given by S = 1/2P n . The spin-density polarization P n is directly related to the spin accumulation in the channel and is, at the injection point, given by [26] 
Here, I is the injection current, n is the carrier density, D(E F ) is the density of states at the Fermi level, constant in case of a 2DES, and P inj is the spin injection efficiency. P n decreases away from the injector and can be extracted from the nonlocal voltage V s NL using the equation
It follows then from the above equations that both sign and magnitude of P n , and thus of B N , can be controlled by the injection current or P inj . This fact can be exploited in experiments, while trying to suppress the effects of DNP, as will be discussed in Sec. III C.
C. ac measurements
One way to avoid DNP effects is fast switching of the injector's magnetization direction during measurements [49] . This way the sign of P inj , and thus of P n , alternates and the time average of the spin accumulation is approximately zero, preventing buildup of nuclear polarization. Here we show that we can suppress DNP effects by low excitation low-frequency ac measurements, i.e., by alternating the injected current. This is possible for our devices because of the almost linear dependence of V NL , i.e., also of P n , on the injection current close to zero bias, as can be seen in Fig. 1(d) . The figure indicates that at low bias P n changes linearly from positive values (spin extraction) to negative values (spin injection). Therefore, modulating the excitation current around zero on a time scale shorter than it takes for the nuclear field to build up results in B N ≈ 0. As the time needed to build up B N is usually on the order of minutes [41, 44] , low-frequency ac excitation is sufficient to suppress DNP effects. In Fig. 3(a) we show ac measurements using I ac rms = 1 μA at the frequency of f = 13 Hz of the same sample presented before in Fig. 2 using a dc setup. The anomalies in the Hanle traces, visible in Fig. 2(e) , have disappeared and, after removing the background, the curve can be well fitted with Eq. (2), giving τ s = 0.8 ns, in contrast to the value of 1 ns extracted from dc measurements. It is worth noting that also the NLSV signal looks closer to theoretical expectation, compared to the one shown in Fig. 2 . V base NL is close to zero for ac measurements, reflecting that V base NL is quite symmetric with respect to I = 0 for low bias, as can be seen in Fig. 2(d gets reduced in ac measurements, it is still present [the orange line in Fig. 3(a) ] and distorts the Hanle curves. We discuss this field dependence in more detail in the next section.
To demonstrate that ac excitation indeed suppresses DNP effects in our samples we conduct a control experiment. For that, we perform Hanle measurements in the presence of a small in-plane magnetic field B y = +2 mT. In this case the presence of a nuclear field is manifested by two satellite peaks appearing additionally to the main depolarization peak at B z = 0 [41] . This results from the interplay between the total external magnetic field B ext and the nuclear field B N . Due to the inplane component B y the total B ext is no longer normal to the plane of the 2DES. According to Eq. (3), the orientation of B N is controlled by the sign of B ext · S and b n . Because in case of GaAs b n < 0, B N is parallel (antiparallel) to B ext when B ext · S < (>)0. For antiparallel orientation the condition B ext = −B N can be adjusted. For this condition the total field B tot ≈ 0, Hanle-type spin dephasing is suppressed, and the spin signal is partially restored, giving rise to the satellite peaks.
In Fig. 4 we present Hanle traces obtained for I ac rms = 700 nA, corresponding to alternating the injection current between approximately ±1 μA. The measurements were performed on a sample with w y = 2.5 μm in order to reduce the influence of the background magnetoresistance, discussed in more details in Sec. III D. Figure 4 contact, shown in Figs. 4(b) and 4(c) . The applied dc current creates a spin accumulation of certain spin orientation which in turn results in a finite nuclear field B N . Thus, the Hanle curves get narrower for both current polarities and additional satellite peaks appear for negative currents, i.e., for I dc = −5 μA, shown in Fig. 4(c) . As the satellites appear for negative currents we can conclude that the injected spins are oriented along the applied in-plane component B y = +2 mT (see the corresponding inset). Because the magnetization of the contacts M was saturated before the B z sweep at B y = −0.5 T, the spins injected for I < 0 into the channel are, as expected, antiparallel to M.
The experiment described above suggests that low ac excitation indeed suppresses DNP so that an analysis of the Hanle trace delivers realistic spin parameters for our 2DES. This, however, holds only for currents of 1 μA and below. For increasing current strength, the asymmetry of the nonlocal voltage between injection and extraction increases, so that the spin accumulation generated at positive and negative half waves of the injection current does not average to zero. Consequently DNP builds up. In Fig. 4(d) we show spin-relaxation times extracted from Hanle curves for different ac current amplitudes. Obviously, for I ac > 1 μA τ s values are growing, indicating the increasing nuclear magnetic field which narrows the Hanle traces. For I ac < 1 μA τ s stays essentially constant and reflects the true spin-relaxation time. These results were obtained from measurements on the sample with w y = 5 μm, but similar behavior was observed also for the other samples. The bottom line of this section is that for reliable extraction of spin parameters from Hanle traces in GaAs based 2DESs one needs to resort to low level ac measurements in order to suppress DNP.
D. Geometrical effects
A small background signal V base NL (B z ) with weak dependence on B is another ingredient which eases analysis of Hanle traces. Below we show that the aspect ratio L/w y strongly influences the background. It turns out that a large L/w y , i.e., an injector-detector separation L much larger than the channel width w y , suppresses the background signal.
In Fig. 5 we show Hanle measurements from two samples having different channel widths w y , namely, 10 and 2.5 μm, but nearly the same L's (see figure) . All graphs show the nonlocal resistance R NL = V NL /I , with injector current I , in the magnetic field range between ±0. ) is, however, substantially different for both samples. For the 10-μm-wide channel, the background can be well described by a parabolic dependence (red dashed line), as observed before for bulk devices [3, 5] . Differently than for bulk samples, however, in case of 2DES samples R The oscillatory behavior of the nonlocal longitudinal resistance in 2DESs has been investigated before [50, 51] . It has been explained in terms of the interplay between bulk channels and edge channels formed in the presence of a strong out-of-plane magnetic field. Secondly, a feature between 160 and 200 mT, marked by blue arrowheads, stands out, which is ascribed to the magnetization of (Ga,Mn)As being rotated out of plane. This orients the injected spins along the applied field, suppressing spin precession and restoring the spin signal. The restored spin signal is, however, lower than at B z = 0, probably due to the lower P inj for out-of-plane oriented spins [5, 52] and lower spin-relaxation times of out-of-plane spins in 2DESs [1] .
The aspect ratio dependence of R base NL (B) resembles closely the geometry induced magnetoresistance observed in standard Hall devices [53] . It is commonly known that the magnetoresistance in such samples is described by the sum of physical magnetoresistance and geometrical magnetoresistance [53, 54] . The geometrical magnetoresistance is the strongest for very short and wide samples, with the Corbino disk as the limiting case, and is vanishing for infinitely long samples. Generally, the magnetoresistance R(B) is given by
with R(0) the resistance at B = 0 and with ρ(B) and ρ(0) the resistivities of devices with L/w → ∞ with and without applied B field, respectively. G r (B,L/w) is the geometrical factor, dependent on the Hall angle μB and L/w. G r is equal to 1 for L/w → ∞ and is given by 1 + (μB) 2 for the Corbino disk in the limit L/w → 0. G r determines usually the B-field dependence of the total MR, particularly for degenerate systems, when ρ(B) = ρ(0). Depending on the aspect ratio, G r shows a quadratic increase at low B, which is stronger for wide and short samples, and becomes linear in B in large magnetic fields [54] . To resolve the Hanle spin signal against the background magnetoresistance (BMR), the amplitude of the signal R Hanle NL should be larger than the change of the background resistance R 1 T) is much larger for the narrow channels. This is shown in Fig. 6(b) where we compare data from ten different samples having various channel widths. Although the ratio varies a bit from sample to sample, it is obvious that the signal-to-background ratio increases significantly with increasing L/w y ratio, reaching values of 100. Long and narrow samples are therefore preferable for Hanle measurements in 2DESs.
Finally, we compare our results on 2D systems with those reported for bulk semiconductors so far [3, 5] . Parabolic BMR has been commonly observed in those measurements, being fully consistent with our discussion on geometrical magnetoresistance, which is expected to to be proportional to (μB) 2 at small Hall angles, given by μB. This condition is satisfied for a wide range of magnetic fields for typical bulk mobilities. Also the fact that the magnitude of the BMR observed in our experiments on bulk devices [5] is typically three orders of magnitude lower than in the 2DES samples can be directly linked to the much higher mobilities of 2DESs. We conclude, therefore, that in the case of high mobility 2DES channels a proper choice of the sample geometry is more crucial for successful electrical measurements of Hanle spin precession than in the case of low mobility bulk systems.
E. Spin lifetimes in the 2DES
The low excitation ac technique discussed above allows us to perform reliable measurements of spin-relaxation times τ s in 2D systems, particularly if the background magnetoresistance is sufficiently suppressed. In Fig. 7 we show results from seven samples having ferromagnetic contacts aligned either in [010] or in [110] direction and having different channel widths w y . All extracted τ s values are in the range between 0.8 and 2.5 ns and thus significantly larger than expected for pure Dyakonov-Perel spin relaxation in 2DESs [1] . τ s values of order 1 ns are, however, consistent with recent results obtained from Kerr effect measurements [19] . As discussed there, spin relaxation in zinc-blende-based 2D systems can be highly anisotropic with a high relaxation rate for spins oriented along [110] and a low rate for [110] [55, 56] . For the latter orientation, values of up to 8 ns have been calculated [57] . For any given sample, we use also the same symbols as in Fig. 6(b) .
In Hanle experiments, however, an external magnetic field is applied in z direction causing spin precession in the (001) plane. As a consequence the extracted spin lifetimes are given by the geometrical mean of spin lifetimes along [110] and [110] directions [58] . The fact that we do not observe a clear dependence of the spin lifetime on the crystallographic direction in Fig. 7 is consistent with our expectation that in experiment a mean value of τ s is being measured. We observe, however, a small dependence of τ s on the width of the channel, with larger τ s values measured for narrower channels. This is expected theoretically [59, 60] and has been observed in experiments before [38, 61] . It should be noted, though, that our results are rather preliminary, and they have been mostly obtained from devices with not optimal L/w y . One should also keep in mind that the properties of the 2D system can differ from sample to sample as they depend, among other things, on the illumination conditions. A systemic investigation of the dependence of τ s on geometry in 2DESs requires thus more experiments. Measurements on samples with channels narrower than 1 μm would be particularly interesting, as one expects that then the lateral confinement affects spin relaxation much more [38, 61] .
With the extracted spin lifetimes of order 1 ns and measured spin-diffusion lengths λ sf of the order of a few microns we can calculate the spin-diffusion constants, D s = λ 2 sf /τ s . For the sample shown in Fig. 3, e. g., the measured τ s = 0.8 ns and λ sf = 2.3 μm give D s = 6.5 × 10 −3 m 2 /s. From magnetotransport experiments we obtain a different value, D e = 0.22 m 2 /s. Thus, the spin-diffusion constant D s in our device is much smaller than the charge diffusion constant D e . This is in line with previous results [9, 12, 38, 40] , where this effect was ascribed to the importance of electron-electron interactions in 2D systems [39] .
IV. CONCLUSION
We have investigated how dynamical nuclear polarization and background magnetoresistance affect the analysis of spin relaxation in nonlocal spin injection/detection experiments in high mobility two-dimensional electron systems. The DNP effect, which causes too long spin-relaxation times τ s being extracted from Hanle measurements due to the buildup of a nuclear field, can be suppressed by low-frequency and low bias ac measurements. Measurements carried out under these conditions give τ s values between 0.8 and 2.5 ns. We have further shown that the background magnetoresistance which can obscure Hanle signals can be effectively reduced by reducing the channel width w y and increasing the injectordetector separation L. Combining low bias ac measurement with a large aspect ratio, L/w y 1, allows the reliable extraction of τ s and related parameters, like spin-relaxation length λ s and spin-diffusion constant D s , from nonlocal spin injection/detection experiments in 2DESs.
ACKNOWLEDGMENT
This work was supported by the German Science Foundation (Deutsche Forschungsgemeinschaft) via Grant No. SFB 689.
195315-8
